Background. Although new human papillomavirus (HPV) infections can occur at all ages, the age at which women acquire their "causal" HPV infection that develops into cervical cancer is poorly understood and practically unobservable. We aimed to estimate the age distribution at which individuals acquired their causal HPV infection in the absence of HPV vaccination or screening to help guide the optimal use of both.
The risk of acquiring cervical human papillomavirus (HPV) infections, causally linked to several cancers and genital warts, peaks shortly after sexual initiation, subsequently declining with age in most women [1] . Following acquisition, high-risk HPV infections may persist and progress to a precancerous lesion, a proportion of which will become invasive cancer over time [2] if not detected and treated in a timely fashion. The peak incidence of cervical cancer occurs generally 20-30 years after the population median age of sexual debut [3] , but the age at which women acquire their causal HPV infection, the one that ultimately progresses into invasive cancer, is poorly understood and inherently unobservable. The development of prophylactic HPV vaccines, ideally targeted to young individuals prior to HPV exposure as they do not protect against prevalent vaccine-type HPV infections, allows for strategic combinations of primary and secondary cervical cancer control policies. As the ultimate goal of HPV vaccination is to prevent the burden of cervical cancer (and other HPV-related cancers), understanding the natural history of causal cervical HPV infections helps to quantify the health and economic impact and inform decisions around HPV vaccination and cervical cancer screening policies.
Using existing evidence documenting vaccine protection against persistent HPV infections and precursor lesions in older women [4, 5] , several advisory groups have proposed the expanded use of the HPV vaccines to include older age groups. However, how these intermediate endpoints translate to prevention of cervical cancer is not known and unlikely to be observed directly through clinical trials. Furthermore, HPV genotypes targeted by the first-generation vaccines (i.e., HPV16 and HPV18) contribute to a smaller proportion of cancers that develop after age 50 years, resulting in a lower maximum clinical benefit of vaccinating older women [6, 7] . In settings without existing screening programs, the impact of HPV vaccination at older ages on long-term outcomes will inform whether secondary prevention approaches, such as HPV testing, should also be coupled with an HPV vaccination policy. The optimal choice of intervention(s) will be determined by the cumulative proportion of causal infections that have already been acquired at the time of vaccination, and thereby the resulting cancer could only be prevented through screening, diagnosis, and treatment of the antecedent cervical precancer, compared with those that are yet to be acquired and could be prevented via HPV vaccination [8] .
Given the long natural history of cervical cancer, disease-simulation modeling is increasingly being used to project long-term epidemiological endpoints and evaluate the cost-effectiveness of new approaches to reduce the global burden of cervical cancer [9] . These models are uniquely positioned to explore the natural history of unobservable transitions, such as the age distribution of the acquisition of causal HPV infections. Our objective was to use a well-documented natural history disease simulation model to explicitly identify the age distribution at which individuals acquire their causal HPV infection in the absence of HPV vaccination or screening in order to help guide the optimal use of both. To enumerate the direct benefits (excluding herd immunity) of extending the target age of HPV vaccination, we evaluated the health benefits associated with later vaccination age on age-specific cervical cancer incidence rates.
METHODS

Analytic Overview and Analysis
We employed an individual-based cervical cancer natural history model that integrates empirical data from the largest prospective and clinical studies of HPV-induced cervical carcinogenesis into a single analytic framework [10] . This model, which is continually updated and refined using emerging empirical data, is well published and has informed cervical cancer prevention policy worldwide [11] [12] [13] [14] [15] [16] . We used the model to simulate a cohort of women in the absence of screening or HPV vaccination to project the cumulative number of causal HPV infections by age and HPV genotype (i.e., HPV16-vs. non-HPV16). For each cancer case observed in the model, we identified the age at which the individual women acquired their HPV infection that developed into a clinically detected cancer (i.e., cancers that remained undetected throughout a woman's lifetime were excluded) ( Figure 1 ). To isolate the direct benefits of extending the vaccine target age on age-specific cancer incidence, we simulated seven scenarios in which the age of HPV vaccination was varied (i.e., ages 9, 12, 18, 25, 30, 35 , or 45 years) in the absence of cervical cancer screening. We assumed 95% efficacy against incident vaccine-targeted HPV infections with lifelong durability for both the first-generation bivalent and quadrivalent vaccines that target HPV16 and HPV18 oncogenic genotypes and the second-generation nonavalent vaccine that targets HPV16, 18, 31, 33, 45, 52, and 58 oncogenic genotypes. In sensitivity analysis, we evaluated the impact of 2 HPV vaccine durability scenarios on the lifetime reductions in cervical cancer incidence.
Model Overview and Parameterization
Individual women enter the model at age 9 years with a healthy cervix and face monthly probabilities of acquiring HPV (HPV16, 18, 31, 33, 45, 52, and 58, other grouped high-risk types, and grouped low-risk types) and transitioning between HPV-related health states (e.g., normal, HPV infection, cervical intraepithelial neoplasia, grades 2 (CIN2) and 3 (CIN3) and cervical cancer) until death, either from background causes or cervical cancer after its onset. Transitions may be a function of duration (i.e., time since HPV infection or precancer development), HPV genotype, age, and history of HPV infections. Baseline model input parameters were primarily derived from large, prospective cohort studies [17] [18] [19] , supplemented by data from the published literature and expert opinion, and involved extensive model-fitting to observed data. For the parameters with high uncertainty and variability, we relied on a multiparameter calibration process [10, 20] to maximize correspondence between model outputs and empirical targets from the United States, such as age-and genotype-specific HPV prevalence and HPV genotype distribution in CIN3 and cervical cancer [21, 22] . The development and calibration process of our US individual-based natural history model of cervical carcinogenesis has been previously described [10, 20] , validated, and used to analyze US screening and vaccination policy (e.g., Kim et al 2015 [14] and Kim et al 2016 [13] ). For the current analysis, we additionally evaluated model performance against important vaccine-relevant outcomes, such as the age-specific frequencies of HPV16 infections (Supplementary Data) in cervical cancer.
To provide a range of our best estimates and compensate for the highly uncertain nature of projecting unobservable outcomes, such as the age of acquiring the causal HPV infection, we conducted all analyses using 50 statistically good-fitting parameter sets to capture the uncertainties in the natural history process [10] . For each parameter set, we calculated the mean of outcomes across the 50 "good-fitting" natural history parameter sets, and uncertainty bounds reflected the lower and upper quintiles across the parameter sets, that is, mean (lower quintile-upper quintile).
RESULTS
Acquisition of Causal Human Papillomavirus Infections
In the absence of primary (i.e., HPV vaccination) or secondary (i.e., screening) prevention, our model projected that among all cervical cancers, 50% and 75% of women acquired their causal HPV infection by ages 20.6 (20.1-21.1) and 30.6 (29.6-31.6) years, respectively (Figure 2, left panel) . In contrast, only 10% of women with cervical cancer acquired their causal HPV infections after age 40 years. Importantly, the age distribution varied by HPV genotype (Figure 2 , right panel) where causal HPV16 infections were generally acquired at a younger age relative to non-HPV16 infections. For example, we found that 6% (5-19%) more women had already acquired their causal HPV16 infection by age 20 years (i.e., 50% HPV16 vs. 44% non-HPV16 infections), resulting in a 1-year difference in the median age of acquisition of the causal HPV16 infection (i.e., 20.1 vs. 21.0 years). By ages 35 and 45 years, the model projected that 78% (77-80%) and 89% (88-89%) of cancers attributable to vaccine-targeted HPV16 and HPV18 infections would have already been acquired, respectively (results not shown), and therefore not vaccine preventable.
Reduction in Cancer Incidence
Assuming a 95% lifelong vaccine efficacy against HPV16 and HPV18 infections, the direct vaccination benefits yielded reductions in lifetime risk of cervical cancer that varied from 55% (53-56%) among women vaccinated at age 9 years to 6% (6-7%) among women vaccinated at age 45 years (Figure 3a) . For girls vaccinated against HPV16 and HPV18 infections in adolescence, the age-specific reductions in cervical cancer incidence compared to no vaccination decreased as the contribution of vaccine-targeted HPV genotypes also decreased by age. For example, among women vaccinated against HPV16 and HPV18 infections at age 12, the age-specific reductions in cancer incidence peaked at ages 25-29 (69% [68-72%]) and fell to 36% (33-39%) at ages 75-79 years. The direct benefits of HPV vaccination of women age 45 years reduced the projected reductions among women aged 75-79 to 22% (20-24%). The impact of vaccination on age-specific cervical cancer incidence was not observed until 10 to 15 years later following vaccine initiation.
Similar patterns of direct vaccine benefit were projected for the second-generation nonavalent HPV vaccine (protecting against HPV16/18 infections and 5 additional oncogenic HPV genotypes) but with overall greater benefit across all scenarios (Figure 3b ). For example, the reductions in lifetime risk of cervical cancer increased to 76% (75-78%) and to 9% (7-9%) among women who received the nonavalent vaccine at ages 9 and 45 years, respectively. Importantly, initiating HPV vaccination at ages 25, 35, or 45 resulted in a loss of 60%, 70%, and 90% of potential cancer prevention benefit over a lifetime and were similar across the HPV vaccine types.
When we varied the durability of the HPV vaccines to protect against vaccine-targeted HPV types, we found that compared to lifetime protection, vaccine benefits were reduced by approximately 60% and 40% when assuming the vaccines began to wane after 10 and 20 years, respectively (Table 1) . Notably, if vaccine protection wanes, increasing vaccination initiation Age 45 5% (5-6%) 7% (7-8%) 9% (7-9%) Abbreviation: HPV, human papillomavirus. a Duration of vaccine protection assuming 95% efficacy against vaccine-targeted HPV genotypes, followed by complete vaccine waning over a 10-year period. from age 9 to 12 years yielded greater lifetime reductions; however, vaccination initiation after age 12 years consistently resulted in declining benefits.
DISCUSSION
In our analysis, we used a well-documented natural history model of cervical cancer to estimate the age distribution at which women acquire their causal HPV infection, the one that leads to invasive cervical cancer. The natural history of these causal HPV infections are practically unobservable as there is neither a way to identify the causal infection a priori and differentiate from other, benign infections, nor is it possible to follow a cohort of sufficient size and duration to describe this age distribution. Using a model-based approach, we estimated that more than half of high-risk HPV infections that will develop into cancer are acquired by age 21 years, 75% by the age of 31 years, and more than 85% by the age 40 years. To the best of our knowledge, this analysis represents the first attempt to identify the age distribution of the acquisition of the causal HPV infection. Although other model-based analyses implicitly capture the age distribution when evaluating the cost-effectiveness of HPV vaccination catch-up programs (e.g., Kim et al 2008 [23] and Jit et al 2008 [24] ), no models have explicitly enumerated the underlying cumulative distribution that informs these projections. Of note, the median age of acquisition of the causal HPV infection was younger for HPV16 infections compared with non-HPV16 infections, suggesting potential important HPV vaccine-related implications at later vaccination ages. Earlier acquisition of causal HPV16 infections (i.e., age 20 years) relative to other HPV genotypes (i.e., age 21 years) may stem from the higher prevalence of HPV16 infections circulating in the population but also due to the carcinogenicity of HPV16 infections [10] . However, as HPV16 infections continue to contribute to the majority of cervical cancers for women throughout their lifetime, HPV16 is the most important HPV genotype to prevent regardless of age of vaccination. Under all HPV vaccine assumptions we found that the clinical impact of HPV vaccination declined as vaccination age increased, and benefits were generally not observable for at least 10-15 years after vaccine receipt.
Our analysis provides a framework for projecting the impact of HPV vaccination on cancer endpoints, especially for novel vaccinations strategies that are under consideration, such as mid-adult HPV vaccination and a 1-dose HPV vaccination schedule. Clinical trials continue to evaluate the efficacy of vaccination against HPV for mid-adult women (up to ages 45 or 55 years) using surrogate endpoints (e.g., persistent HPV infection, precancer) [4, 5] . As noted [8] , the attack rates over the 7 years of follow-up for precancerous lesions in the placebo arm was quite low, even among those who had persistent HPV in the first 4 years after baseline, which was consistent with our analysis that showed that there are very few causal infections acquired in mid-adult women. These clinical trials have prompted proposals for the expanded use of HPV vaccines in older women who were not been initially recommended for routine vaccination. For example, the recently proposed HPV-FASTER protocol involves extending routine HPV vaccination programs to women up to age 50 years [25] to reduce the reliance on screening. The key question, and the focus of subsequent analyses, is whether in limited resource settings a second round of screening or HPV vaccination in mid-adult women is more effective and cost-effective for cervical cancer prevention. Questions also remain about how much additional reassurance HPV vaccination (vs. no vaccination) provides mid-adult women who test negative for a high-risk HPV infection for long-term endpoints such as cancer or death. It is unlikely that clinical trials will be able to quantify the reductions in cervical cancer risk as it is unethical to not intervene, in addition to the economic and logistical requirements of conducting sufficiently large trials followed long enough to measure differences in cancer incidence among prevention strategies.
Although the current 3-dose HPV vaccination schedule for the bivalent and quadrivalent vaccines have been shown to provide protection for at least 10 years [26, 27] , the durability of the vaccines beyond this time frame remain uncertain. The aforementioned novel vaccination dosing schedule induces lower antibody titers [28] and therefore may be less likely to provide lifelong immunity. When we varied the duration of vaccine protection we found that if the nonavalent HPV vaccine provided only 20 years of complete protection, the reduction in the lifetime risk of developing cervical cancer reduced by 40% compared with when we assumed lifetime protection against vaccine-targeted HPV types. Waning vaccine protection also shifted the vaccination age at which cancer reductions were greatest, from age 9 years to 12 years; vaccinating older than age 12 years consistently resulted in declining benefits as age of vaccine initiation increased.
Limitations
Although our disease simulation model shows good correspondence to both age-and genotype-specific HPV prevalence, and type distribution in CIN3 and cancer (see Supplementary  Figure 1 and Campos et al 2014 [10] ), all models are simplifications. In our model, HPV incidence is a function of age and is a proxy for time since sexual initiation within the context of the United States; therefore, our estimates of the age of causal HPV acquisition may not be generalizable to settings with different patterns of sexual initiation and behavior. For example, populations with later peak ages of sexual initiation may be associated with a shift in the age of causal HPV infection acquisition to older ages. However, our findings are broadly applicable to settings with a high peak HPV prevalence that declines to a plateau in older ages. Similarly, we did not capture potential herd immunity benefits of vaccination; rather we estimated the direct benefits of HPV vaccination expected for individuals. Estimating total population benefits are dependent on capturing both direct and indirect vaccine benefits, which can be highly variable across populations. Furthermore, a comprehensive analysis that evaluates alternative HPV-Faster strategies requires a dynamic transmission model to inform the optimal upper age limit to vaccinate women against HPV infections. Although our analysis has implications for the upper age limit for HPV-Faster, we elected to restrict our analysis to focus on the estimation of age of causal HPV infection using a static model and the consequent relative reductions of direct vaccination benefits. Future analyses will need to consider not only the herd immunity benefits from extending the vaccination age to older women but also the other uncertainties and variations by setting (e.g., sexual mixing patterns) that are necessary for an in-depth policy analysis.
Although vaccination in the absence of screening is not currently relevant for the US context, we selected our US-calibrated model to explore these epidemiological questions as model-fitting was informed using high-quality and highly specific data on age-and genotype-specific prevalence, which are not as readily available in other settings. Consistent with a statistical model estimated using Dutch empirical data [29] , our disease simulation model reflects duration-based progression and regression probabilities rather than exponential distributions, which avoids overestimating the influence of fast-progressing precancer on cancer incidence.
Policy Implications
Understanding the age distribution of acquired causal HPV infections and the potential loss in cancer prevention as vaccination age increases helps inform decisions regarding HPV vaccination ages and how screening approaches should be integrated contingent on vaccination age. According to our model, only 10-12% of causal HPV infections can be prevented after age 45 years, and therefore screening for persistent HPV or underling precancer will likely be most valuable in these women. Our analysis complements the shift toward risk-based screening and necessitates a risk-based framework that involves knowing the age of HPV vaccination. Our analysis also questions policies that call for vaccination at any age, as new incident infections that progress to cancer are increasing unlikely as women age. Lastly, continuing to perform clinical or model-based analyses that evaluate reductions in surrogate endpoints such as HPV incidence, prevalence, or precancer [30] and using these arguments to justify HPV vaccination of older women [25] fail to capture the most important health outcome of an HPV vaccination policy, that is, to prevent cancer.
CONCLUSIONS
Opportunities to prevent the causal HPV infection decrease as women age, and our model projects that nearly half of women who develop cancer have already acquired their HPV16 infection by age 20 years. Our model-based explorations contribute to the current understanding of the natural history of the causal HPV infection and highlight the limitations of using surrogate endpoints in vaccine efficacy studies of mid-adult women to guide policy decisions for implementation.
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